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values of solar wind parameters at the orbit of the earth are: density

N 10/cm3; flow speed N 450 km/see; magnetic field strength ~ 10 nano:eslas,

Thefieconstitute a particle flux of -4.5 x 108/cm2-see, a kinesic energy flux

of roughly 1 erglrrn2-eec, 2and a magnetic energy flux of -10-2 erg/cm -sec.

A!1 Large-scale objects orbitfng the sun encounter this continual flow of

mn::er and energy and, becauge of :he cohesive influence of the IUF, they can

res:rilln, locally, the solar wind’s flow and thereby store solar whd plaama

and energy In their ‘tmagne~ospheres.ri The magnetosphere of :hoae planets

havlnR suhs:anttal intrinsic mngnc~tc fLelds (e.g., Mercury. Earth, JupLter,
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very good evidence that it does. This evidence, gnimed during the past

decade, largely from satellite measurements of partLcles, plasmas, and fields

in the outer magnetosphere, suggests very strongly that durfng “subs~orms” the

earth’s magnetosphere spont~neouely dlveeta Lteelf of a su56tantlal portLon of

the “plasma sheet” that e~tends across the mldplane cf its magnetotail. In

fact it now appeara that thf6 is the basic underlying physical procesd Ln a

suhs~orrn,i.e., the magnctotall gcttlng rld of stored plasma and energy t;,.~c

it. can no longer restra!.n.

ThLs paper w1ll describe the rvidcnce mcn:~oncriabove, dfscuaslng first

thn: ot,tnlnc!d during the piIst. dccadc from sn:ellltcn orbLLLng relatLvcly clo~e

to L.he I!aL.th and concluding wiLh n dLscu~sLnn of snm@ rcm~lrk:lhLel)bSCrVaL10i16,

InadCVL!L”yL.l!Ct?ll~lY W~Lh th(! ISEf+3 KilLCll~te fiIr f.)ut ~n ~hc mn~netotnll, of

phsmolcls, l.c., dctnchcd p13L”Lhll! Of :hc phISIIIII i5hu(?L, fhwln[; out ot” :he

m:l~l~u:ntnll [nto Lhc dt)wl)~t~~ilm HO1.Ir wind.

.1111(11.1 l)O1”(’:ll [!? (Ilorth(’1’11 hwll), [:1 1::1[(1 L() llilvf!

lhl f). 1:1111111111111.1111’y, Ill 1/1(1, W:l:l !.Ilv fll’HL 1,1}

lll~:wl.1,11 11111”1}1’:1!1 ;IIIII LIIIS 11:1I”th’f! nl.’l};lli’tlc f[t’111.
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:he earth’s magnetic field, bombarding the upper

1980, for an excellent description of auroras and

atmosphere. (See

the development

Esther,

of our

understanding of :hem from antiquity up to modern times.)

The International Geophysical Year (ICY) of 1957-1958 brought globally-

organlzcd research efforts, along with modern rocket and eatelllte

Cechnologtes, to beer on geophysics probleme, with a strong focus on auroral

,~ndinngnctosphericresearch. Widespread networkg of all-nky cameras and

magne~oneters were eatahlished to RWiy the large-scfile space and :lme

varfa:lons of auroraa and their a~socLated mhgnetf.c sign~turen. Using data

~~kilbofll(IS64) ldcntlfied a sequence of systematic and

mIroL”al clLsplays whLch he cnlled an “aurorFIlsuhs:orm.” Chiet

Lfc nlnng the auroral oval are lIILf!r.iiilttf2ntlyactlvatd. It 19

IL 1,1: hrLght, aCLLVCB and t;pcctncularnuroL.ald~spl{.ysare seen.
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The Reconnection Model af Substorma

The advent of sc~entific spacecraft brought observaclons of plasmas,

partLcler3B and fields in distant epace around the earth wf~hout whLch our

understanding of substorms could not have gone much beyond sLmply their

identification. The existence and general character of the earth’s

magnetotail ,.<re first fully recognized by Ness (1965) in magnetic data

returned by the earth sntellfte Imp 1. The plasma sheet that cnrrles the

CL-OeS-Call electric current was discovered by Bnme et al. (1967) wish a

plasma probe on the earth satellfte Vr?la21i. It was found, aeon afLer L;lese

basfc s~ructural fea~ures were ascert~ineri,that cer~aln varinLIons of the

ma~nc:oLaLl land of Jts plasma and particle populatlcrnscharacLerLstlctilly

quickly assumed ficentrnl role in mn~;neLor3phcrfcphysics. ns a phc!nomcnorrLha&

orderuri a wldc var:irs:y of outer rrragnc:naphcrlcobservations #nnd Lklt thus

phyHJc:(l (Yxpl.nnil LLnn. llnforLunriLely, hut pCL”hll~$l IU)L rlurl)l’~sln}:i.y, the

4 1“1111 II :!;{:ll!:,; ltlll of 1 llr~ I’(’l!llllll!’nl. ion Illlhil’i or ::II I)! I: II I”III!: ;111(1 1)1 [tN
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ize subs~orm vari.qtiorm. We shall do eo by first examining plasma sheet

phenomena observed wizh Imp 8 satellite durSng a 8ubs!torm on October 0, 1974,

and zhen offerin~ an explanation for these phenomera in terms of the

reconnect~on model; The geomagnetic nlgnaturz of the suhstorm was the 800 nT

magnetic bay shown In the .nagnetometerrecord from Ehe near-midnight Russian

station, Dixon (Figure 2). Its onset at 18:27 UT was very sharp. lt began to

recmmr after its peak at -19:05 UT and was rapidly recovering by 19:3flLJT.

This v~rlation of ~he geomagnet~c fLeld was caused by a sudden “surnfng-on” of

an fntense Westward current (called a westward electrojet) in the ionosphere

nbove Dixon. Examlnatlon of records from other near-midnfght stations

revealed ~hac chc cleccrojct st.arLednetarlysimultaneously over a several-hour

cx~enc in local time along the auroral oval. ‘Cl~eelectroJet resulsed from

dLvcrMLon Of pnL”t of the magnctotaJL’a dawn-en-dusk cross-tall current along

ma2neLLc flclcllines Lnto the :onosphc,re(hcPherron et al., 1973).

At che tLme of this suhstorm Imp 1?satellite was in the magnetotall ahout

32 Rv. from enrth, Velmym?ar Local mLdnLRht and about 2 ~ below (southward of)

the mngnctlc midplane uf tlw tall, DatR from the

FLR\lre3 whuL”e Lhc onnct time of the suhstorm (18:27

vcI’LLc/1~ ljll~m fhfllc~d~llt With th! biiy onset the
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the satellite became enveloped at that ins~ant by magmeLic field llnes that

opened taflward (Maker and Stene, 1976).

From 18:29 UT un”.il19:06 UT the field latltude was mo6tly eouthward,

becoming approximately zero a:.times when Imp 8 was largely ouzside the plasma

shee:, as lndlcated by low values of U (e.g., 18:31-18:35 UT and 19:57-19:06

UT). Also, the plasma flow continued to be tallward and the energetic

electron flux was low but streaming tallward when mensurable. At 19:06 UT,

when the bay at l)ixonhad begun showf.ngrapid recovery, the field latltude

became primarily northwnrd, plasma flow turnen enrLhward, and the energetic

eleccron flux became more Lntense and Isotropic,

The lnterpretutlon of these data 1s depicted schemazlcally in Figure 4

where mLdnlght merldlan plane projections of :he plasma sheet are shown at

several Sequcntlal Lfmes. (A dot represents =he Tmp 8 locaclon at -32 % from

earth.) ~hc ,Jrocessetid~pfctcd there

the plasma shoct but over perhnps

“suhti:orrnneutral Llni?”or X-llnc, N’,

do not prcvaL.1over che whole width of

the cencrnl one-half of Lt~ wfdth. A

forms in Lhc nenr-earth ticcLor of the
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contractfng taLlward. In paneis 6 and 7 the center of the plasmold, Lhe

magne:ic O-1ine, approaches and passea Imp 8 and this causes the change from

positive to negative magnetic field latitude seen at

and 8 the trailing edge of the plasmoid approaches

causes the plasma dropout that begins at 18:29:20 UT

18:28:45 UT. In panels 7

and passea Imp 8 and this

and that soon thereafter

results in Imp 8’s exit from the closed loops of the plaamofd to the later-

reconnected field lines that envelop it. The exit from the plaamold is

indicated a: 18:31 lJTby the appearance of a tailward-screaming population of

energetic eleccrons.

In panel 9 the sasellite fs shown near a very thfn plhsma sheet,

downsLrenm from the subs:orm X-line, which has remained at the near-earth

locacion of l:s LniEial formation. In this thfn downszreurn plasma sheez one

expects to find plasma flowing tallward from the X-llne, threaded wf~h open

fLeld llnes having southward latitude where they cross the midplane. And

indeed, these .nre the condlclons found in the Imp 8 data from -18:35 UT to

-18:56 UT, where frequent neutral sheet crossLngs are indicated by the

flucLll:ltLllnso f field longltude, the flelcl latLtude Ls predominantly

SOULhW:lrd, LnJlward placma F1OW prevaLls, nnd the encrgctlc uLectrnns stream

Lnllw:lrd,fndlcnLlng open fLchi llnes.

Pnnel 10 SI1OWS Lhc X-LLne, N’, aL n new dlstanc Loci{tlonN“, and LIIC

pltIsm,I Hh(!I!L of clo!+mi field lLneH Lhlcki?nLnR over Lhc s,lLellLLc caL”Lhwnrd 1)f

~;ll . The SC a l“e Llll! condL:Lnn~ LhItt were Rel?u Ln Lhc T.mp8 daLa sLaL’Llnfi nL

-19:I)J U’ nfL(!r rIII -11 minute plflsmn dropout. The fLcld Li{tltiide LS

llL”(!{]ol’lLn:illLl,y llO1’L~lWHl”(l, LII(! plil~mfl flow ls tVIrLhW:ILYIBLIM!Cn(!rfy!tlct2LCCLWnS

hcc{mt! [H[)tL-IJpLC,LIIdLCIIL~IIgclnsod fiuld lLIICH,and :.111.!L:. LnLcnsLLy hIILldH llp

(t)(~cdi,!;,!l.i,fly,1,”,!I,I)W,,,,ri,,-th-t[r,lr:l OFIIId f [Pld 11.II(!N :IIICI c:\Ii no lrm};~r

(~:ll!.l])l! ) .
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The picture tha: evolves from the above dlscuasion af data

UT subs:orm on October 8, 1974 is that, startfng precisely at

from the 18:27

the subscorm’s

onset, as

‘E from

severance

observed at earth, the process of magnetic

earth in the magnetotail. This led,

of a aubstant~al longitudinal sector of

sheet which then flowed rapidly tallward (at speeds

reconnection began a= --15

within -5 minutes, to the

the pre-substorm plasma

approaching 1000 km/see),

presumably to join the solar wind far downstream. Afzer the plasmold’s

departure the suhstorm X-line remained near earth for about a half hour and

then, in conjunction with recovery of the auroral zone negative bay, it moved

suddenly and zapicllytailward beyond Imp 8, causfng che plasma sheet to once

more thicken and lengthen, filling wish plasma jettLng earthward from the

retreating neutral line.

Nany eXaiupleS of shls sequence were found (e.g., Hones, 1977; Bieber et

al., 1982; Bfeher, this volume), and the occurrence of plaemold formation and

release and fta role in energy dLs~ipatfon from the magnetosphere were quite

well es:ablfahed by these relatively near-earth sat~llite obaervatlons. Just

wl~hLn the past yeat, data hnve been obtained from the aa~ellite ISIW 3, as It

traversed the magne~otall at -22tl % from earth, that provide remarkably

detailed confirmation of thcsi? ncnr-enL”thresults. Brlcfly, ISEE 3 fo-anrlthat

LIICplasma shcc: at 22(IRF hccomes thfck , fLlled with hot plasma Elowlng.

rnpldly Lailward, nhnut 30 mlnuLe~ after the onset of a aubstorrn:Iccmth.

The ho: plnsnm L9 found to con~aln cLnHed magrctlc loops Ln n pnttrru

cnri!;lstcnt W1.th n lnrfic plnsmold. These nhHe~mvntLonsare Lhc suhj(!ctof LIIO

Ilt!x:ScctL(lll.
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ISEE 3 Observations of Plaemoids 220 ~ from Earth

From December 1982 co March 1983, ISEE 3 traveled outward alon& the

magnetotail ‘0 ‘SE = -220 RE and back to earth. (See Bame et al., 1983, for

the configuration df the orbit;) Hones et al.. (1983) have reported results

of a study of data acquired during a 16-day interval in January-February 1983

when the satellite was qu.:e near the center of the magnccota~l about 220 ~

from efirth. Figure 5 shows geomagnetic records from SIX auroral zone stations

and one mid-latitude station (Rapid CLty, %uth Dakota) for January 25, 1983.

Perioas ~f enhanced actfvity are seen az near-midnight etations ac

-n4:30-06:45 UT (NA, cw, FC. RPC), -10:00-16:30 UT (RpC, }m, Co), and

-18:00-22:00 UT (AH). Plasma electron data acquired during ~he same day with

a solar wLnd plasma ins~rument on ISEE 3 (Bame ec al., 1978) are shown in

Figure 6. Careful examination of ex:ended periods of data such as these (lhme

e: al., 1983) and of accompanying magne:lc data from the vector helium

magnetometer or the satellite (Frandsen et al., 1978; Slavin et al., 1983)

permit these authors to ldentLfy, with high confidence, intervals when ISEE 3

Ls Ln the magnetosheath. the tall lobes, and the plasma sheet. Briefly, the

ma~nccosheaLh 1s characterized by the highest densLtles and Iowesc

Lernpcrntures of electron~; the lobes are ldentLfied primarily by a nearly

cnnscant magnet~c fLelcl~l~h latitude -0° and Longlcude -O” or -1130-; the

plil~m:l slmct 1s ldentiflcd primarily by the hlghcsc temperatures and~ usuallyo

CIIPlllgh(!~tflOw Rp@CdS (nlmOSL flLWfIYS Liillwilrd)m Using such mcnnsp Iloncs et

al. (1981) ruilchcd i.he LdcntLffcntLons shi)wn \lnderthe Te:fipernture~lL’aphof

FL}lil’c6. AL -05:00 m, -7(’)m[rll:~~s :ifLcr :he rll-!ltlnLcrval of enlmmcd

Rcom:q:nc:[c iICLIVLLy b!)}lilll(Figure j), lSEE 3 crofiscdfrom Lhc m:lgnct~~ll~i~~h

Lntu LIIe till1 :oh[?,:Indthun Into tlw planm.nRhcc’t. About :~n hour L:l Lcr Lt

WPIIL I)n(:k LIII”ouI!h L~II* 11)1)1: iIId [IIL() Lb ln~lj:llt’:t)~lll’:l:llaAw[n, iIL‘11~:~~11’r,
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about 30 minutes after tile onset of ~he

geomagnetic activity, ISEE 3 crossed from the

gecond Lncerval of e~hanced

magnetosheath into the tail and

plasma sheet once more, remalnfng in the plasma eheet or lobe, thLs time,

throughout essentially that whole extended period of geomagnetic a~tivity.

Finally, ISEE 3 was in the plasma sheet again from -lR:30 co -19:30.

The point to be made from :hese data IS chac the magnetotafl at 220 ~

appears to swell and envelop ISEE 3 about 30 minutes ~fter the onset of

intense geomagnetic activity. ISEE 3 usually encounters the plasma sheet

shor:ly after such tail entries and the implication 1s that the plasma sheet

ISEH 3 for Lhc flrs~ tafl

the plasma sheet is Indicated

she interval 4)5:25 UT CO

thfckens greasly and is responsible for the tall’s swellin~.

Figure 7 shows magnetic field data from

cncr)unter, -05:00-07:00 UT- ISEE 3 presence in

by the reductions of field strength, R, during

-06:12 UT. (The ocher reductions elgnify magnetoshcath.) The lmpor~anL

poLnt here J.sthat the lntltudc of the field in the p.!.asmashcec Ls first

steeply northward and then scecply and more cncluL-ingly southward (top panel).

Thf~ iS the magnctlc sf~,na:~lre nnLiclpnted for che passage of the severed

plasma shec: and tlw body of lAtel-reCOnll(!CtLn~field Lines LhnL follow ls.

Figure R shows plots of

whun ISEE 3 rnude pas~:l};cs from

of 1(J:IC 1 Ernph Ls Lllc:Lmc nf

cnll:lnm?ml’n L :lL v:lr Lh. TIIC tLml’ Ilclnys (fit.)

,111r! l?nLry of [!:KK 7 into thu pl;l:lm,lHIM~IIi

nh(IIIL?0 mJ.ntt:l?~.

FLKII~mIJ 9 SIII)WH LIIC LIIt~!L”pL-eL;IL LOII ~;LvcII LIII:::(! TSk;tII I rc~:4\11.LH by lIOIICF Ct

:\l. (1~111). ‘I”lll? p[:’sm:l !:II(’I’L LH n(?v(!r{!d hy nI:l~l!(lLIC Lk’(:(lnn[!ctlon IIL!:IL’ LIIr
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ISEE 3, having expanded laterally because cf reduced lobe magnetic field

pressure at greater distances. By T = 50 minutes the plasmuld Ls well past

ISEE 3 which remafns for some time, however, in the body of later reconnected

field Ilnes contracting hehind”the plasmold (and helping to accelerate it

t.lLlward).

Remarkably clear verification of important features of this model has

hecn found in measurements of energettc elecLrons made on lSEE 3 (Scholer et

al., 1983; Scholer, thfs volume). NoLe that the model predfcte that as the

plnsmoid ~~p~~ilcl~~?~ ISEE 3 the satellite should first be enveloped by open

field L[rtcs thilt cxtei~d from near the substorrn X-line and tha: were

reconnected nfter the plasmoLd’s departure. Only afLer that will lSEI?3 enter

Lllc Clokc+!oop S:L”lICLIIL-C Of LhL! plasmold l:selt. Scholer eL al. mcnsure

Clcctrolls (Ec - 75-115 keV) :lnd f“.nd Lh~L the flux of Lhi!ne 1s enhanced durLng

suhs:orm-rclntcfl plasmn sheet unC0unteLv3 BuCh 11s WC h/lVC dLscussed nhOVCe

Allcl,~cm~rkiil)ly, LIN!Y find thilt L~IL? flrSL-ilppUnI:lIIIl 1211?CLL’OIIH flL”rLvc before

l.sl:H 3 [9 dl’t? ply (’llvL?lOpL!d UIUI LIIOY !4LHMIM LnLLwIIL”d, LIMIICIILLIIR opeu field

lfl1181+. A fCW mLIulLrH lilL(!~9 nR TSEK 7 hcc(lmc!s fully cRvPLwpd hy LIN! pLnnmn

Kll(’1’: , L~I(* I!l I’I::I” OIIN hci:[)mLi [SOLLmOpLC) lIIIILCIILI.III; {I cLIIN(’11 m:IKIIOLLC HLL’IICLIIL’C.

I\II I’x:lmpl,” IIf :lIIs 1s HIIOWII 111 FL}:III”o ]n. A lI:Ilf-ll 0111- ~llllill~C~*mL+l)t of

[’ 11’r:l’l)ll:i 1)1!};;111 :1: 41:07 [1’1’ 1)11 16 l~(~l)l”u:ll’y, 1’)N3, !:OIIIL! I!() ml II~ILI*H :If Ls!l” 01}1:[IL

of ,1 V[ll”y l.nLt*n?l(! filll~!::~)um ilt (*:ll. LIIO ‘I’l If” I%I};III!:. LC fiPl(l I“(!m:l [111111 11)1}(~-l,Jk{~

([ .1*., r::r% ‘1 W:I:. Ill} : vilv(*lI)llt*Il hy 11[}:11 [l{~lll:i:.y I)lil::m:l) ;111(1 [.llv ItliSCL1.’l)l)!i

::: 1“1~:11:11’tl: il : Iw; ll”fl (opl’11 ril~l(l 11111’:1) fltl” :1111111!. 1:!III IIIII! l’!:. TIM’11 N:. ““11”1:1711’1’

I::l{l; “1 1~11:111’l~d Lllo II I :I!;l!l:l 11111~(~:. 1111([ :111* i~l,~(:f I.oll I“lllx 111*1::111111I :IIIL f’111)I t! ,

[11111,!{1: 111}: .I I:II)SI*II III:IKIIIILIC I“IIIlf [}: II I”:IL [I)IIm As I:I}[I~tl :lhIIVII) 1:{11’.11I}ll!i! ’1”v:lt.l. olll:

:1!; flll~.11, ;II” I* III IIOmnI-kI\l IIII :1):11’1’ml’11[ wit 11 LIII* 11111111’1 [11 l~[}; lll’1~ (I.
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Conclueions .

Large bodies orblti~g the sun continually accumulate energy nnd plasma

from :he evel-flowing magnetized solar wlr,d. This energy cannot build

endleesly but must be diaeLpated somehow. We can see at least one form of
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Figure Captfons .

Comet Xorehouae (1908 III) on September 30, October 1, and

October 2, 1908. ThLs aequcnce ahowEIthe dfnconnectLon and drifting

nway of the plasma tall (Yerkes Observatory photograph).

Record of zhe horlzontnl Cnmponcnt (H) of Lhe genmngne:lc field

measured at Dixon, 17:C0-21:00 UT, Occoher f!,1974. ‘l’heletter ?1

maL”k$ILhc time when ~lxon Ls nt local mafinetfcmLdnlght. TIIe arruw

at right Llldlcntesthe dlrectLrm and mngnltudc of n positive change

nf 1{of 2(10y, or 2(NI nnnotenlas.

VarLoIIH datn HCLH from Imp R, 18:00-19:30 LIT, oc:obeL”8, 1974.

FIr~t (Lop) plllll!l:ljnnf;ltde (fPsE) Of LIIL!m:l~nctlcflcld. zero

IIIJ}ILVCSIs RIIIIW:Ird,ltW” lH tiillwnrrl, 90° lH rluskwnrrl. Sccollcl

due

(u)

:111’

Lllc!
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Fig. 4. Schema~lc representation of changes of the magnetotall plasma sheet

tha: are thought CO occur during substorms. Thene are cuts along

the mldnlght meridian plane of the tallo Earth is at left and a dot
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Fig. R. Nngnetic field latitude mensured by ISEE 3 during plasma shee:

encounters. The vertical dashed llne marks the ~lme of entry into

the plasma sheet, and this time 1s given ac tk.crlghL of each curve.

HorizonSal lines with arrowheads mark the du~atlons of subscolm~ nt

ear~h. values of At nt the ri8hc ~ra the number of minutes from

substorm onset to plasma sheet entry. Qucl;cLonmnrks lndfcate Lack

of clenr substorm onset Ctn’les. Tic marks on base lfnes are 10

minutes npnrt (from lIoncs et al., 1983).

Fig. 9. Nodel dcpLctlng Lile sevcrnnce of (n longLtucllnnl Hector of) the

taLl :IH n closed mn~nc!tLc HLrIIC:UI”C , Ii plilHlllU1.d. Black i+LmL”OWS
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